Abstract The presence of a silicone elastomer collar around one carotid artery of a rabbit induces thickening of the tunica intima. We used immunoblotting to study quantitatively changes in the isoforms of caldesraon, a protein implicated in the regulation of contractility in smooth muscle, while also monitoring the histological changes during 28 days after collaring. Control rabbit carotid arteries (n=28) contained 245 ±6.4 nmol/g protein of the larger isoform of caldesmon (CD h ) and 68.3 ±3.6 nmol/g protein of the smaller isoform (CD|). Four days after collaring, intimal thickening was slight, but 44% of arterial CD b had been lost; this loss of CD b was therefore from the tunica media. At 10 days, CD h fell to 37% T hickening of the arterial tunica intima is important in the pathogenesis of restenosis after angioplasty, 1 rejection of donor organs, severe hypertension, 2 and atherosclerosis. 3 The development of intimal thickening involves smooth muscle cell migration and proliferation accompanied by changes in the expression of contractile proteins. We have studied changes in the isoforms of caldesmon, a protein involved in the regulation of smooth muscle contractility, in a model of experimental intimal thickening in rabbits. 4 In early human life and in small laboratory animals, the tunica intima consists essentially of a monolayer of endothelial cells overlying the internal elastic lamina. In most large arteries in human beings, notably the coronary arteries, a thickened intimal layer develops through life. Diffuse intimal thickening is considered to be a normal adaptive process. 5 The thickened intima consists of smooth muscle cells embedded in extracellular matrix that they have synthesized. Diffuse intimal thickening is the substrate within which the focal lesions of atherosclerosis arise. Reprint requests to Dr Kevin Pritchard, Cardiac Medicine Department, National Heart and Lung Institute, Dovehouse St, London SW3 6LY, UK © 1994 American Heart Association, Inc.
T hickening of the arterial tunica intima is important in the pathogenesis of restenosis after angioplasty, 1 rejection of donor organs, severe hypertension, 2 and atherosclerosis. 3 The development of intimal thickening involves smooth muscle cell migration and proliferation accompanied by changes in the expression of contractile proteins. We have studied changes in the isoforms of caldesmon, a protein involved in the regulation of smooth muscle contractility, in a model of experimental intimal thickening in rabbits. 4 In early human life and in small laboratory animals, the tunica intima consists essentially of a monolayer of endothelial cells overlying the internal elastic lamina. In most large arteries in human beings, notably the coronary arteries, a thickened intimal layer develops through life. Diffuse intimal thickening is considered to be a normal adaptive process. 5 The thickened intima consists of smooth muscle cells embedded in extracellular matrix that they have synthesized. Diffuse intimal thickening is the substrate within which the focal lesions of atherosclerosis arise. 5 Focal intimal thickening occurs in response to local arterial injury such as balloon angioplasty 1 or crushing of the vessel. 6 Intima] thickening can also be induced experimentally by perivascular electrical stimulation, 7 by ligation of vasa vasorum, 8 or by fitting a nonconstricting collar around an artery. 4 Information on the role of smooth muscle cells in the development of intimal thickening has been obtained mainly from studies on the balloon angioplasty model. The balloon stretches the tunica media and denudes the endothelium. These insults together induce some of the medial smooth muscle cells to divide in situ, and these cells and others migrate into the intima, where a proportion of them proliferate further. 9 It is not known whether smooth muscle cells behave in a similar way when the development of intimal thickening is induced by a stimulus other than balloon angioplasty.
Diffuse intimal thickening in humans develops beneath an intact endothelium and is not initiated by mechanical damage to smooth muscle cells, in contrast to the balloon-injury model. Experimental intimal thickening can be induced to develop beneath a morphologically intact endothelium 10 by fitting a nonconstricting collar around one carotid artery of a rabbit. 4 If the animals are not fed an atherogenic diet, macrophages are not involved in the lesion. 11 This technique avoids mechanical damage to the endothelium or to the medial smooth muscle and is particularly suited to the investigation of changes in patterns of protein expression in smooth muscle cells.
Proliferation and migration of smooth muscle cells is accompanied by phenotypic change. Smooth muscle cells in the tunica media are normally quiescent and differentiated in a "contractile phenotype" but can modulate, ultrastructuralry and biochemically, into a "synthetic phenotype." Cells with the synthetic phenotype can divide or migrate and are specialized for secretion of extracellular matrix material by a reduction in their contractile apparatus and an increase in their cellular content of biosynthetic organelles. During modulation to the synthetic phenotype, there is a decrease in the relative amounts of muscle-specific isoforms of actin crease in the amounts of the corresponding nonmuscle isoforms including nonmuscle myosin, /3-actin, vimentin, and vinculin. 17 Little information exists concerning the role of smooth muscle cell phenotypic changes in the development of a neointima, except in the balloon-injury system.
Proteins involved in the regulation of the contractile apparatus would be expected to be particularly sensitive reporters of smooth muscle cell phenotype. For this reason we have focused on caldesmon. Caldesmon occurs in smooth muscle as an isoform with 793 amino acids 18 (CD h ) and is bound to actin filaments in the contractile domain of the cells. 19 Many types of nonmuscle cells including fibroblasts and platelets contain an isoform of caldesmon (CD[) with 537 amino acids; CD h and CD! have similar regulatory properties. 20 When smooth muscle cells are cultured, their CD h content falls.
21
- 22 Caldesmon isoform expression may also change in vivo, because human aortic atherosclerotic plaques have less CD h than healthy arteries and the intima has lower levels than the media. 16 The pattern of caldesmon isoform expression may therefore be characteristic of the state of differentiation of the smooth muscle cells. The two caldesmon isoforms are produced by alternative splicing from a single gene. 23 CD, lacks an internal sequence of 256 amino acids (exon 3b 23 ) that is found in CD h ; this large difference facilitates the measurement of the two isoforms on Western blots.
We therefore investigated the changes in caldesmon isoforms in a rabbit model of intimal smooth muscle cell proliferation 4 induced by fitting a silicone elastomer (Silastic) collar around one carotid artery.
Methods

Rabbit Model of Intimal Proliferation
Twenty-eight New Zealand White male rabbits (young adult animals, 2.5 to 3.0 kg) were fed a standard, nonatherogenic laboratory diet. On day 0, each rabbit was anesthetized (fluanizone, 3 mg/kg IM; fentanyl citrate, 1.05 mg/kg IM; midazolam HC1, 1.5 mg/kg IV), and one carotid artery was surgically exposed and enclosed by a nonocclusive collar (2.5 cm long; internal volume, 0.25 cm 3 ) made from biologically inert Silastic-382 medical-grade elastomer (Dow Corning). The collar touched the surface of the artery for 1 mm at each end. The space between collar and artery was filled with sterile saline (0.9% wt/vol), and the longitudinal split in the collar was sealed with Silastic. Because it has been reported that sham operation causes no intimal thickening 4 - 24 and because we needed to obtain precise data on the quantities of the caldesmon isoforms in normal rabbit carotid arteries, we left the contralateral carotid artery of each rabbit unoperated as a control (n=28). The effects of the presence of the collar were investigated at 1, 2, 4, 7,10,14, and 28 days. At each time, four rabbits were killed, and the artery region within the collar and a corresponding portion of the control artery were removed, frozen in liquid nitrogen, and stored at -80°C.
Antibody Production
Fragments of gizzard caldesmon expressed in E. coli and purified from heat-treated extracts 25 were used as immunogens. To produce non-isoform-selective anti-caldesmon antibodies, a construct containing regions of both N-and C-termini, common to CD h and CD,, was used as immunogen. The immunogen for production of CD b -specific antibodies was a construct corresponding to amino acid residues 230 through 419 of chicken gizzard caldesmon, a portion of domain 3b 26 unique to CD h . Rabbits were immunized with a first dose of 200 fig immunogen and subsequent booster doses of 100 /xg. Freund's complete adjuvant was used for the primary immunization and the incomplete adjuvant for booster injections. The specificity of test bleeds was monitored by immunoblotting of tissue extracts containing caldesmon (Fig IB) . Serum from a single bleed was used throughout the experiments. Preimmune serum for each rabbit was used as a negative control.
Histology
Small samples for histology were dissected from the midcollar region of the arteries that were removed on days 4, 14, and 28, before the remainder of the tissue was frozen. These samples were placed in neutral buffered formalin for 24 hours before embedding in historesin (Reichert & Jung). Sections were stained with hematoxylin and eosin-phloxin or were processed as described below for indirect immunofluorescence. The widths of the intima and media as well as the number of nuclei in each were determined in both the collared region and the corresponding portion of the unoperated contralateral artery. Sections were also examined for the presence of poh/morphonuclear leukocytes, based on their morphology and staining pattern. The above image analysis was performed on a Sight Systems apparatus. Media width was taken as the perpendicular distance between the external elastic lamina and the internal elastic lamina. Intima width was taken as the perpendicular distance between the internal elastic lamina and the vessel lumen. Areas were calculated based on radial distance measurements. Since the above system involves the assumption that the vessel is circular, the areas were also measured directly using a digitizing tablet and VIDS in software (Analytical Measuring Systems). The latter method involved no geometric assumptions. The results of these two independent methods agreed within 10% with no systematic differences. The results from the automated counting of nuclei (Sight Systems) agreed closely with visual counts of nuclei on enlarged photomicrographs of sections from the 14-day and 28-day collared groups and from four control arteries. Since we had verified the accuracy of the Sight Systems apparatus for both nuclei counting and area measurements, the data presented below are those obtained using this automated method.
Caldesmon Extraction
Arteries frozen at -80°C were pulverized under liquid nitrogen using a precooled mortar and pestle. Caldesmon was extracted in 1.5 vol (milliliters per gram) of buffer (KC1, 0.3 mol/L; EGTA, 1 mmol/L; MgCl 2 , 0.5 mmol/L; imidazole, 50 mmol/L; dithiothreitol, 5 mmol/L; chymostatin, 2 ^ig/mL; leupeptin, 2 ptg/mL; pepstatin, 2 ftg/mL; pH 6.9 27 ). The insoluble tissue residue was removed by centrifugation. In some experiments, samples of this high-salt extract and of the pellets of tissue debris (after the pellet surface was rinsed rapidly with 1 mL ice-cold distilled water) were assayed for caldesmon by immunoblotting. The same fraction of tissue protein was extracted from collared arteries (51 ±2.9%) as from unoperated arteries (57±2.5%). The extract was heat treated 27 for 5 minutes in a boiling water bath. Heat-denatured protein was removed by centrifugation; 27±2% (n=56) of the protein was heat stable and remained in the supernatant. The fraction of heat-stable protein in the extract was the same in collared (27±2%) and normal (25±3%) arteries. Some pellets of heat-denatured protein were also assayed for caldesmon by immunoblotting. There was no evidence that either the fraction of protein that was extracted from the homogenate or the fraction of the extracted protein that was heat stable varied among the arteries that had been fitted with the collar, according to the length of time for which it had been in place. Caldesmon contents of arteries were ultimately expressed relative to the total amounts of soluble protein in the initial high-salt extracts after centrifugation, because these data were less variable than the data for total protein in the homogenate. Centricon-30 (Amicon) ultrafiltration units were used to increase the protein concentrations of the extracts by up to twofold before they were loaded on the gels; protein recovery was close to 100%. Protein contents of the extracts were measured at every stage using the Lowry method. Caldesmon for standardization of the assay was prepared by fractionation 28 of heat-treated extracts 27 of sheep aorta or rabbit stomach. Separation of CD h from CD, was achieved by Q-Sepharose (Pharmacia) chromatography.
Electrophoresis and Immunoblotting
Heat-treated supernatants of rabbit carotid arteries were analyzed with sodium dodecyl sulfate-poryacrylamide gel electrophoresis (SDS-PAGE) using potyacrylamide (8% to 18% gradient)/0.1% SDS gels (Excel gels, Pharmacia LKB Multiphor system). Standards of sheep CD h and CD, were always included. Nitrocellulose membrane (0.45 -fim pore size, Sigma Chemical Co) was presoaked in transfer buffer (48 mmol/L Tris, 39 mmol/L glycine, 1.3 mmol/L SDS in 20% methanol for 30 minutes), and proteins were electrophoreticalry transferred using a Hoefer semidry blotter (1.5 hours, 0.2 A, 200 V, 4°Q. After transfer, gels were stained with Coomassie blue. Comparison with equivalent gels stained before blotting demonstrated that more than 90% of caldesmon was transferred consistently to the nitrocellulose. The nitrocellulose was stained with Ponceau S, and the bands of CD h and CD, were marked with pencil. After destaining, the nitrocellulose was incubated for 1 hour at room temperature in blocking solution: 5% dried milk protein and 0. I-labeled protein G in 20 mL blocking solution. The membrane was washed, dried, and exposed overnight to Kodak XAR-5 film. Squares corresponding to the CD h and CD, bands were cut from the membrane, and the amount of 125 I-protein G bound was measured by gamma counting. A gel loaded with equivalent samples was run simultaneously and stained with Coomassie blue to confirm the position of the caldesmon bands. Squares taken from other portions of the membrane were also counted for background counts, which were subtracted from the caldesmon counts. Consistency of transfer and sensitivity of caldesmon detection for each gel were evaluated by comparison of the counts for the internal standards of sheep caldesmon with a calibration graph for sheep CD h and CD, (Fig 2a) . The calibration graph was constructed by running 16 to 160 ng of purified sheep caldesmon containing CD h and CD, in naturally occurring proportions. The quantity of each isoform in the mixture and the relative proportions of total actin and tropomyosin in untreated and collared arteries were determined by scanning gels stained with Coomassie blue using an LKB Ultroscan laser densitometer. The calibration graph (Fig 2a) was used to express the caldesmon content of rabbit artery samples as molar equivalents of sheep caldesmon. Sheep aorta caldesmon was used throughout the series of experiments because it could be purified easily from a readily obtained vascular tissue. Subsequently, a second graph was constructed in the same way but using standards (0.19 to 3.4 yug) of rabbit stomach caldesmon (Fig 2b) , so that the results could be converted into molar amounts of rabbit caldesmon.
Immunofluorescence
To enhance antigenicity, sections were pretreated with 0.1% trypsin (Sigma), 0.1% CaCl 2 , and 20 mmol/L Tris, pH 7.4, for 10 minutes at room temperature. Nonspecific binding was abolished by treatment with 0.1% Triton X-100 and 0.1 mol/L h/sine in PBS for 45 minutes. Cell types were identified using cell-specific marker antibodies: anti-rabbit macrophage (RAM-11, 29 Dako), monoclonal pan-leukocyte (anti-CD45, Sigma), and a monoclonal antibody to o-smooth muscle actin (ASM-1, 12 Progen). CD h was detected using a specific antiserum raised in a rabbit. Primary antisera bound to the epitopes were detected using a biotinylated F(ab') 2 fragment of the appropriate anti-IgG antibody. Control slides either omitted the specific primary antibody or included preimmune rabbit serum in place of the anti-CD h serum to reveal possible nonspecific binding of anti-rabbit secondary antibody to the rabbit tissue. The secondary antibody was then fluorescentry labeled with R-phycoerythrin linked to streptavidin. When the secondary antibody was omitted, there was no detectable nonspecific binding of the fluorescent label.
Statistical Analysis
All data are arithmetic mean±SEM. The histology data, the caldesmon data, and the data from the protein assay were analyzed separately according to a two-way ANOVA 30 in which the factors were time (grouped by days since operation) and treatment (unoperated or collared). The collared rabbits were grouped by days since operation (n=4 arteries per group), and these groups were tested for differences from the pooled values of the unoperated arteries using an unpaired Studentized test for which the standard error was derived from the residual mean square for the population. Differences between groups of collared carotid arteries collected at different times were tested for statistical significance using one-way ANOVA. The term significant difference refers to a two-tailed probability lower than 5% estimated by the Scheffe' procedure. Calculations were made using the STATGRAPHICS software package version 5.
Results
Properties of Anti-Caldesmon Antibodies and Calibration of Immunoblotting
Immunoblotting a mixture of caldesmon isoforms (CD h and CD,) purified from sheep aorta showed that our non-isoform-selective antiserum recognized bands corresponding to CD h and CD,. The CD h -specific antibody reacted only with the high molecular weight isoform CD h (Fig 1A) . Specificity for caldesmon was verified by immunoblotting crude extracts of the rabbit carotid artery tissue (Fig IB and 1C) in which CD h and CD, were the only bands recognized by the antibodies. The calibration graph (Fig 2a) relating the counts of 125 I-labeled protein G bound to anti-caldesmon antibodies on the membrane to the molar quantity of sheep caldesmon on the gel was fitted well (r=.96) by a straight line of slope 1.005 cpm/fmol. This relation was used to calculate the quantity of rabbit CD h or CD, per sample in terms of sheep caldesmon equivalents. The gamma counts (Fig 2a) were linearly related to the quantity of caldesmon over a much wider range than were the autoradiography films (Fig 1C) . The data points for both CD h and CD, were fitted by the same line (Fig 2a and 2b) . The calibration graph constructed using rabbit caldesmon (Fig 2b) had a l-labeled protein G. Each lane was loaded with the same mixture of CD,, and CD,. The CDh-speclfic antlserum (used in Fig  7) recognizes only the higher molecular weight isoform. The non-isoform-specrfic serum (used for immunoblotting) recognizes both CDh and CD,. This serum reacts equally with either isoform (see Fig 2) . B, Extraction of caldesmon by heat treatment of rabbit carotid arteries. Lane (i) shows artery dissolved in electrophoresis sample buffer; (II), high-salt extract of artery; (ill), pellet of heat-denatured protein; and (iv), supernatant after heating extract in lane (Ii). C, Heat-treated extracts of rabbit carotid arteries. Immunoblot of a gel loaded with heat-treated extracts of 16.5 \i% of control artery (unoperated, left) and 15 /*g of contralateral collared artery (right). Each side shows a strip from a stained gel loaded with 1.1 jtg sheep caldesmon; positions of standard molecular weight markers are indicated. Caldesmon migrates anomalously on SDS-PAGE so that its apparent relative molecular weight Is higher than its true molecular weight. and 2b). This factor was applied to convert counts per minute into molar units of rabbit caldesmon.
Caldesmon Content of Rabbit Carotid Arteries
The yield of the extraction procedure was examined by immunoblotting both the high-salt extracts before heat treatment and the unextracted tissue residue. Grinding under liquid nitrogen followed by extraction in high-salt buffer solubilized almost all the tissue content of caldesmon; the pellets of insoluble protein contained 0.21 ±0.04% (n=6) of the total caldesmon. The heat treatment denatured 73.5±1.8% (n=56) of the protein in the high-salt extract (Fig IB) . Caldesmon is remarkably heat stable, 27 and after centrifugation the pellet of heat-denatured protein contained only 3.3±0.8% (n=6) of the caldesmon from the extracts from either unoperated or collared carotid arteries. Since the caldesmon contents of the unoperated contralateral control arteries were constant (see Fig 6) , we pooled the data from the immunoblots of the control arteries to provide an estimate of the amounts of CD h and CD, in normal rabbit arteries. Normal arteries contained 245 ±6.4 nmol CD h per gram tissue protein and 68 ±3.6 nmol CD, per gram tissue protein (n=28); thus, 79±3% of total caldesmon was CD h . For comparison, we measured CD b and CD, proportions in rabbit stomach (n=28) by both immunoblot assay (79 ±3% of caldesmon was CD h ) and densitometry of Coomassie blue-stained gels (79 ±2% of caldesmon was CD h ) and in sheep aorta (85 ±1% of caldesmon was CD h by immunoblotting and 83 ±2.1% of caldesmon was CD h by densitometry of stained gels; both n=9).
Histological Responses to the Presence of the Silastic Collar
Examination of stained sections showed that arteries fitted with a Silastic collar had a thicker intima than controls (Fig 3) . This neointima was only very slightly thicker than controls at 4 days; it was thickest at 14 days and appeared to have become thinner again at 28 days. The media was not obviously affected. Collared and unoperated arteries had the same number of elastic laminae. No foam cells were seen. Polymorphonuclear leukocytes were not evident by examination of stained sections nor by immunofluorescence (see below). These impressions were confirmed by quantitative measurements. The area of the tunica media was unaffected by the collar (Fig 4) . The intimal area of collared arteries at 14 days was significantly greater than controls (Fig 4) , so that the proportion of vessel wall composed of intimal cells increased (Table) . The intimal area appeared smaller at 28 days than at 14 days (Table, Figs 3 and 4), but this difference was not statistically significant. Although the area of the tunica media was constant and the tunica media had become thickened, the mean lumina) area of the arteries collared for 14 days (1.08±0.07 mm 2 , n=4) was not smaller than that of control arteries (0.80±0.06 mm 2 , n = 12). The collar thus caused no marked constriction of the artery.
The number of nuclei in the intima increased in the presence of the collar; the increment was small at 4 days, but at 14 days there were 10 times more intimal nuclei in the collared carotid arteries than in the controls (Fig 5) . The number of nuclei in the intima of the collared arteries fell significantly from 14 to 28 days (Fig 5) . In collared arteries the number of nuclei in the media was approximately 10% lower at 28 days than at 4 days (Fig 5) .
The number of nuclei per unit area of the media in the collared arteries decreased from 4 to 14 days Data are mean±SEM within the group. Statistical tests were carried out on the whole population by parametric AN OVA based on a factorial design.
•Significantly lower compared with all collared arteries, P<.05.
•Significantly lower compared with 14 and 28 days, P<.05.
•Significantly different compared with 14 days, P<.05. §Signfflcantly different compared with unoperated arteries, P<.001.
( Table) . The number of nuclei per unit area of the intima did not change significantly at any of the time points we examined (Table) . In all the samples examined throughout the time course, the number of nuclei per unit area in the intima was much higher than in the media (Table) .
Effect of the Silastic Collar on Caldesmon Content of Carotid Arteries
The most marked effect seen in the collared arteries was a loss of CD h (Figs 1C and 6a) . At 4 days, CD h had already fallen to 56% of control, although at this time intimal thickening was scarcely detectable (Figs 3 and 4 , Table) . The tissue content of CD h was at a minimum at 10 days and remained depressed throughout the experimental time course (Fig 6a) . The content of CD| was also affected considerably by the collar but with a different time course from CD h (Fig 6b) . CD, appeared to fall over the first 4 days but rose again, so that at 10 and 14 days, when the intimal thickening and intimal cell number were maximal (Figs 3, 4 , and 5), the CD, content was significantly higher than at 4 days and also significantly higher than the normal arteries (Fig 6b) . At 10 days, the CD, content was 99 ±16 nmol/g protein, approximately 50% higher than control values. At 28 days, the CD, content was 50±8 nmol/g protein, significantly lower than at 7,10, or 14 days and slightly lower than controls.
The increase in CD, was less than the decrease in CD h , so the total caldesmon content of the collared arteries fell. Control arteries contained 313±10 nmol/g tissue protein of caldesmon (n=28). After arteries had been collared for 4 days, total caldesmon had fallen to 60% of the normal value. No significant further change was observed between 4 and 10 days. At 14 days, when CD, was elevated, total tissue caldesmon was slightly increased to 221 ± 13 nmol/g tissue protein, significantly lower than controls. At 28 days, the total caldesmon content of the collared arteries was 154 ±21 nmol/g tissue protein, significantly lower than at 14 days and only 49% of the level in normal arteries.
To relate changes in caldesmon content to the tissue content of actin and tropomyosin, Coomassie-stained gels of the high-salt extracts were densitometricalry scanned. After the collar had been in place for 14 days, arteries contained 15±3% more actin and 22±6% more tropomyosin per microgram of total protein than control arteries (n=6). The total amount of protein in the portion of artery enclosed by the collar increased from 
lmmunofluorescence Microscopy of Collared Arteries
Fluorescent staining with a monoclonal antibody (ASM-1) specific for a-smooth muscle actin was bright and uniform across the tunica media in normal arteries. In arteries collared for 14 days, staining for a-smooth muscle actin was uniform in medial and neointimal cells (not shown). There was no apparent difference in fluorescence intensity between collared and normal arteries. Staining with a well-characterized macrophage-specific antibody (RAM-11) or with a leukocytespecific antibody (anti-CD45) was consistently negative.
Staining with CD h -specific antibodies (Fig 7A) was bright and uniform throughout the tunica media of untreated carotid arteries (n=6); this antibody did not stain adventitial cells. There was no staining with preimmune (control) serum nor when primary or secondary antibody was omitted. When neointimal formation was maximal at 14 days, the intensity of CD h labeling had decreased, but all cells in the media and intima were stained. The neointimal and medial layers showed uniform intracellular staining (Fig 7B) .
Discussion
Histological Responses to the Silastic Collar
In arteries fitted with the Silastic collar for 14 days, a neointima developed (Figs 3 and 4) , whereas the media was unchanged, so the intima-media ratio increased (Table) , in agreement with published reports on this model. 4 - 24 The increase in intimal area was accompanied by an increase in both the total number of nuclei per section (increased by 50% after 14 days) and the number of nuclei within the intima (Fig 5) compared with unoperated controls. The increase in the number of intimal cell nuclei between 4 and 14 days was not accompanied by a corresponding loss of nuclei from the media (Fig 5) . Although the nuclei count can be confounded by changes in cell shape, size, or orientation, these results strongly suggest an increase in total cell number and imply that cell proliferation and migration contributed to the development of the lesion. The additional cells counted in collared arteries were idenFra 7. Photomicrographs show effects of the Silastic collar on cellular distribution of caldesmon isoform CD h in rabbit carotid artery. A, Normal control artery; B, collared artery on day 14. Autofluorescence of the elastic laminae was unchanged and serves as a reference. In control arteries there was intense fluorescent labeling of the cells in the tunica media between the elastic laminae. The fluorescence of smooth muscle cells in the collared arteries was dimmer than in control arteries but remained uniform. In the collared artery, there was dim labeling in the tunica intima similar in intensity to the diminished labeling in the tunica media. Photographic exposures and processing were Identical for A and B. CDt, was detected by indirect immunefluorescence using CDh-specific arrtiserum (Fig 1) . Scale bar=25 fim.
tified as smooth muscle cells because all cells in the tunica media and neointima stained brightly for a-smooth muscle actin. It has been reported that the first response to the collaring procedure, beginning within 2 hours, is the transit of a "wave" of polymorphonuclear leukocytes- 24 across the wall of the artery but that these cells had left by 3 days. Using specific anti-macrophage and anti-leukocyte antibodies, we examined sections taken at 4,14, and 28 days for other cell types that might be expected to invade an artery wall, but such cells were very few or absent.
Our histology data are compatible with but do not prove the proposals by Kockx and coworkers 24 that the initial response to the collar occurred in smooth muscle cells of the tunica media and that some medial cells divided in situ, whereas others migrated into the intima, where they continued to proliferate.
The number of nuclei in the intima (Fig 5) was significantly reduced if the collar was left in place for a further 14 days (Figs 3, 4 , and 5), and the area of the intima (Figs 3 and 4 ) also appeared smaller (difference not statistically significant). This might be due to reorientation of cells in the intima, so that fewer nuclei appeared in the plane of the transverse section but could reflect a true reduction in intimal cell number. Mild adventitial damage does not elicit intimal thickening, 424 but more extensive damage does. 8 We did not study by sham operation the possible effect of the mild damage caused by fitting the collar; although the histological changes in the collared arteries probably depended on the presence of the collar around the artery, 24 the initial damage to the tunica adventitia involved in fitting the collar possibly contributed to the changes observed.
Caldesmon Isoforms in Normal Arteries
Since the control arteries were left unoperated in our study, they can be regarded as normal tissue. These normal rabbit carotid arteries contained 245 ±6.4 nmol CD h per gram tissue protein. The rabbit carotid artery contains caldesmon in quantities comparable to those found in other vascular and visceral smooth muscle tissues. 3134 The larger caldesmon isoform, CD h , is the more abundant in medial smooth muscle cells; the CD h -CD, molar ratio in the normal rabbit carotids was 79:21. Shirinsky et al 22 reported that freshly isolated rabbit aortic smooth muscle cells contained CD,, and it is possible that medial cells in normal arteries may contain CD! in addition to CD h .
Changes in Caldesmon Isoforms in Response to the Silastic Collar
Much of the CD h of the artery was lost within 4 days of fitting the collar (Fig 6a) . At this time the histology of the artery wall appeared not to have changed (Figs 3,4 , and 5). Thus, at 4 days the tunica media showed a marked biochemical response to the collar. In the absence of preexisting intimal thickening, the initial response to the collar must have involved medial smooth muscle cells. By 14 days, when intimal thickening was maximal, CD h was at a minimal level, which was maintained throughout the time course of the experiment (Fig 6a) . Immunofiuorescence microscopy revealed that at this time CD h was uniformly distributed among both medial and intimal smooth muscle cells (Fig  7B) , although the intensity of fluorescence within cells in collared arteries was much reduced compared with controls ( Fig 7A) . Although Kockx and coworkers 24 reported that some medial cells were dividing within 12 hours of fitting the collar, they found that the proportion of dividing cells was low (2%) and fell with time. There is no reason to assume, therefore, that any large proportion of medial cells would have been dividing at 4 or 14 days, and we detected no increase in the number of medial cell nuclei at any time (Fig 5) . The uniformity of the reduction in CD h and its time course therefore imply that the loss of CD h is probably not directly linked to cell proliferation. Because the total tissue protein and the soluble fraction of tissue protein of collared arteries increased with time, it is unlikely that the loss of CD h results only from a general reduction in protein synthesis. Furthermore, the amounts of actin and tropomyosin were substantially larger in arteries collared for 14 days than in the corresponding control arteries. Thus, changes in caldesmon isoforms report changes in the composition of the contractile apparatus and/or cytoskeleton in the smooth muscle cells of collared arteries. All the medial cells appeared to lose CDh, although only a minority of these cells could have directly responded to the collar by proliferation or migration into the intima.
We could detect no differences in immunofluorescent staining for a-smooth muscle actin between the medial smooth muscle cells of unoperated arteries and the medial and neointimal cells of collared arteries, in agreement with Kockx and coworkers. 24 Our results therefore suggest that changes in the caldesmon isoforms are probably more rapid and larger than changes in a-smooth muscle actin in this system. The visible effects of the collar on the vessel wall histology, which were maximal at 14 days, were partially reversed by 28 days (Figs 3, 4 , and 5), and it seems possible that the tissue may have been remodeling itself toward its former structure. Nevertheless, the CD h content of the tissue did not recover to its control level by 28 days (Fig  6a) . CD h has been reported to be a regulatory component of the contractile apparatus in smooth muscle, so the large reduction in the CD b content might be related to the changes in contractile function that have been reported to occur in collared arteries. 35 During the first 4 days after collaring, CD, levels fell (Fig 6b) , as did CD h levels. The CD, content of the collared arteries then increased significantly, reaching by day 10 a level approximately 40% higher than the mean control levels. This elevated level was maintained at 14 days, but CD, fell again by 28 days to significantly lower levels than those measured at 7, 10, and 14 days (Fig 6b) . CD, levels in the collared arteries were therefore highest when intimal thickening was maximal and when the number of intimal cell nuclei was highest ( Fig  5) . The data for CD, content per cell nucleus show that there were real changes in the amount of CDi per cell and that changes in the CD| content did not simply reflect changes in cell number.
The increase in CD| associated with intimal thickening could be related to several aspects of cell function. CD, in nonmuscle cells is involved in actin-filament networks such as stress fibers. 20 When the CD, content of the artery was highest, some intimal cells were probably dividing, 24 so the increase in CD, might be related to cell division. 36 It has also been proposed that CD, regulates actin filaments in exocytosis, 37 and it has been shown to be involved in the transport of intracellular granules 38 so that the increase in CD, might be related to smooth muscle cell biosynthetic activity. High CD, expression in vascular tissues is typical of an embryonic phenotype, 39 and an increase in embryonictype isoforms has been reported in other examples of smooth muscle tissue remodeling. The pattern of reduced CD h content and increased CD| is typical of dedifferentiation of cultured smooth muscle cells 21 when CD, may quantitatively replace CD h .
The total caldesmon content of collared arteries fell by about half. The extraction procedure we used recovered all but a very small proportion (Fig 1) of the caldesmon content of the tissues, so the changes we observed demonstrate that caldesmon was reduced by a large amount relative to total actin or total tropomyosin, with possible consequences for the regulation of F-actin in the cells. Although by 28 days there were fewer nuclei in the intima and its thickness seemed less than at 14 days (Figs 3, 4 , and 5), total caldesmon remained low. The mRNAs for the two caldesmon isoforms are generated by alternative splicing from a single gene. 23 The concentrations of the two isoforms in the whole tissue changed independently (Fig 6) , suggesting that CD h and CD| expression could have changed with different time courses in different layers of the vessel wall. Confirmation will require immunofiuorescence microscopy with a range of isoform-specific antibodies.
Conclusions
When a Silastic collar was fitted around the tunica adventitia of an artery and left in place, the tunica intima became thickened. Smooth muscle cells in the tunica media must be involved at an early stage in the processes leading to intimal thickening. The collaring procedure induced a change in phenotype of the smooth muscle cells throughout the tunica media. This effect persisted for at least 1 month after operation. A change in protein composition was detected before any major changes were obvious microscopically. Changes in the amounts of caldesmon can reflect smooth muscle phenotypic change that would not otherwise be observed. Since caldesmon regulates smooth muscle acto-myosin, we speculate that the loss of CD h could be an indicator of altered contractile function. An increased level of CD, could be an indicator of a synthetic phenotype of smooth muscle cells.
